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C. elegans ahr-1 is orthologous to the mammalian aryl hydrocarbon receptor, and it functions as a transcription factor to regulate the
development of certain neurons. Here, we describe the role of ahr-1 in a specific behavior: the aggregation of C. elegans on lawns of bacterial
food. This behavior is modulated by nutritional cues and ambient oxygen levels, and aggregation is inhibited by the npr-1 G protein-coupled
neuropeptide receptor gene. Loss-of-function mutations in ahr-1 or its transcription partner aha-1 (ARNT) suppress aggregation behavior in npr-
1-deficient animals. This behavioral defect is not irreparable. Aggregation behavior can be restored to ahr-1-deficient animals by heat-shock
induction of ahr-1 transcription several hours after ahr-1-expressing neurons have normally differentiated. We show that ahr-1 and aha-1
promote cell-type-specific expression of soluble guanylate cyclase genes that have key roles in aggregation behavior and hyperoxia avoidance.
Aggregation behavior can be partially restored to ahr-1 mutant animals by expression of ahr-1 in only 4 neurons, including URXR and URXL.
We conclude that the AHR-1:AHA-1 transcription complex regulates the expression of soluble guanylate cyclase genes and other unidentified
genes that are essential for acute regulation of aggregation behavior.
© 2006 Elsevier Inc. All rights reserved.Keywords: C. elegans; Neuron; Transcription factor; Aryl hydrocarbon receptor; bHLH-PAS protein; ARNT; Behavior; Guanylate cyclase; Genetics; OxygenIntroduction
Simple behaviors are governed by defined neuronal circuits.
The activities of key neurons within each circuit are influenced
by genomic information, developmental history, and environ-
mental cues. Thus, subtle changes in the developmental
programs of key neurons can have profound impacts on
behavior (Hobert, 2003).
The nematode C. elegans has proven to be an excellent
genetic system for discovery of genes and genetic networks that
integrate internal and external cues to control neuronal function
(de Bono and Maricq, 2005; Hobert, 2003). C. elegans “social
feeding behavior” is of particular interest because it is regulated
by multiple environmental cues, including nutrition and oxygen
availability. Some wild type strains of C. elegans form groups⁎ Corresponding author. Fax: +515 294 6755.
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doi:10.1016/j.ydbio.2006.07.017on the border of their bacterial food source, while other strains,
including Bristol N2, are solitary feeders (de Bono and
Bargmann, 1998; Rogers et al., 2003). This behavioral variation
correlates with allelic differences in the npr-1 G protein-
coupled neuropeptide receptor gene (de Bono and Bargmann,
1998). In current models, activation of NPR-1 suppresses the
depolarization of the neurons that contact the pseudocoelom
(URXR, URXL, AQR, and PQR), thereby inhibiting aggrega-
tion on bacteria (Coates and de Bono, 2002).
A strong loss-of-function mutation in ahr-1 suppresses social
feeding behavior (Qin and Powell-Coffman, 2004). ahr-1 is
orthologous to themammalian aryl hydrocarbon receptor (AhR),
a ligand-activated transcription factor that mediates the toxic
effects of dioxins and certain other environmental pollutants (Gu
et al., 2000; Powell-Coffman et al., 1998). C. elegans AHR-1 is
expressed in a subset of neurons, including the neurons that
contact the pseudocoelom, and worms lacking ahr-1 function
have a range of neurological defects (Huang et al., 2004; Qin and
Powell-Coffman, 2004).
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phenotype provided some insight to the mechanism(s) by which
C. elegans AHR-1 might promote social feeding behavior.
AHR-1 is expressed in the URX cells, which have a central role
in the neural circuit that governs aggregation behavior. In ahr-1
mutants the URX neurons develop with normal morphology
and express a panneural marker, but two markers of URX
differentiation (gcy-32:GFP and npr-1:GFP) are expressed at
markedly reduced levels compared to wild-type animals (Qin
and Powell-Coffman, 2004). Coates and de Bono (2002) have
shown that genetic inactivation of the URX class of neurons
suppresses npr-1-mediated social feeding behavior. Therefore,
the behavioral phenotype of ahr-1 mutants could be explained
by either of two nonexclusive models. First, mutation of ahr-1
could cause irreversible developmental defects that render URX
neurons nonfunctional. Alternatively, AHR-1 might have a
more specialized role in URX, in which the AHR-1 transcrip-
tional complex promotes expression of genes that control social
feeding behavior.
In this study, we interrogate ahr-1 function in the URX
neurons. We show that post-embryonic expression of ahr-1 is
sufficient to enable social feeding behavior. Further, we
demonstrate that ahr-1 and aha-1 promote the expression of
soluble guanylate cyclase (sGC) genes that are key regulators of
aggregation behavior. This provides a conceptual framework for
understanding how molecules that modulate aryl hydrocarbon
receptor function can influence a simple behavior.
Materials and methods
C. elegans culture and behavioral assays
C. eleganswere cultured using standard methods (Brenner, 1974). The wild-
type parent for the strains used in this study was C. elegans var. Bristol strain
N2. The following mutant alleles were used in this study: linkage group I (LGI):
aha-1(ia01), ahr-1(ia03), ahr-1(ju145), dpy-5(e61); LGIII: unc-119(ed3);
LGIV: daf-21(673), daf-21(nr2081); LGX: npr-1(ky13), npr-1(ad609), npr-1
(n1353). The strains that carried integrated transgenes were: ZG628, aha-1
(ia01); iaIs18 [Pcky-1:aha-1(+) unc-119(+)], ZG611, iaIs19[Pgcy-32:gfp(+)
unc-119(+)], ZG605, iaIs20 [Pgcy-34:gfp(+) unc-119(+)], ZG601, iaIs21
[Pgcy-35:gfp(+) unc-119(+)], ZG629, iaIs22 [Pgcy-36:gfp(+) unc-119(+)],
ZG630, iaIs23 [mPgcy-35:gfp(+) unc-119(+)], ZG631, iaIs24 [mPgcy-36:gfp
(+) unc-119(+)], ZG610, iaIs25 [Pgcy-37:gfp(+) unc-119(+)].
Social feeding assays were performed as previously described (de Bono
et al., 2002; Gray et al., 2004). Forty worms were scored in each experiment.
Each genotype was assayed in at least six independent experiments.
The fluorescence of GFP reporters was examined on a Nikon E800
compound fluorescence microscope equipped with DIC optics. Worms were
mounted on 4% agarose pads in M9 buffer containing 5 mM sodium azide.
Molecular biology
The pHT108 plasmid includes ahr-1 genomic and cDNA sequences. To
construct pHT108, a 5377 bpHindIII–BamHI genomic fragment, including over
3 kb of sequence 5′ to translational start codon, exon 1, intron 1, and part of exon
2, was fused to a cDNA fragment containing the remaining coding sequences.
The cDNA insert was a HindIII–BamHI fragment from pJ345 (Powell-Coffman
et al., 1998). To add ahr-1 3′ genomic sequences, this construct was cut with
BstXI (in exon 11) and BglII, and then ligated with the 1260 bp BstXI–BglII
genomic fragment from the pJ301 plasmid (Qin and Powell-Coffman, 2004).
To construct the pHT111 hsp16.2::ahr-1 plasmid, the 516 bp HindIII–NheI
hsp16.2 promoter fragment from plasmid pPD49.78 (a gift from Andy Fire) wascloned into the HindIII–NheI sites in the polylinker of pHT110. The pHT110
plasmid is a promoterless construct that includes full length ahr-1 cDNA
sequence and 3′ genomic sequences. The pHT110 construct was engineered as
follows: 6824 bp HindIII–BstXI pHT108 fragment was ligated with the
∼1500 bp HindIII–BstXI pJ345 fragment. This construct was then cut by
HindIII and ligated to an oligonucleotide polylinker: 5′AGC TTG TCG ACC
CAT GGCCCGGGGGTA CCAAGC TAGCGAATTCC 3′ and 5′AGC TGG
AAT TCG CTA GCT TGG TAC CCC CGG GCC ATG GGT CGA CA 3′.
To construct the pHT112 flp-8::ahr-1 plasmid, a 3203 bp genomic fragment,
including 3187 bp sequences 5′ to flp-8 start codon and 16 bp sequences in the
first exon, was ligated to the XhoI–NheI sites of pHT110. The primers used to
amplify the flp-8 regulatory fragment were: 5′ CAACTC GAG CGTGAT GGA
GTT CGC AGCAAT G 3′ and 5′AAG CTA GCGGAC TCC GGAGAG CAC
TTT CTA C 3′.
The pHT103 Pgcy-34::gfp plasmid was generated by ligating the 747 bp of
the genomic sequence 5′ to the gcy-34 start codon to the BbuI–BamHI sites of
pPD95.75 (a gift from Andy Fire). To construct the pHT106 Pgcy-32::gfp
plasmid, a genomic fragment containing 1096 bp 5′ to the gcy-32 start codon
was ligated to the PstI–BamHI sites of pPD95.75. The pHT115 Pgcy-35::gfp
plasmid, includes 1250 bp 5′ to the gcy-35 start codon. This genomic fragment
was inserted into the PstI–BamHI sites of pPD95.75. The pHT116 Pgcy-36::gfp
plasmid includes 1172 bp of gcy-36 of genomic sequence 5′ to the start codon
inserted into the PstI–BamHI sites of pPD95.75. To construct pZW2 Pgcy-37::
gfp plasmid, a genomic fragment 1122 bp upstream to gcy-37 start codon was
ligated to the BamHI–KpnI sites of pPD95.75.
To construct the pHT117 mPgcy-35::gfp plasmid, a C to T point mutation
was introduced into a site 111 bp upstream to the start codon of gcy-35 in
pHT115 using a PCR based approach (Ausubel, 1994). The pHT118 mPgcy-
36::gfp plasmid was generated by introducing a G to A point mutation to the
pHT116 plasmid, 263 bp upstream to the putative start codon of gcy-36.
Gel shift assays
Gel shift assays were performed as previously described (Powell-Coffman
et al., 1998). Proteins were expressed in rabbit reticulocyte lysates (TNT
coupled reticulocyte lysate system, Promega). The Pgcy-35XRE probe was
derived from the gcy-35 promoter: 5′ GAT CAT CTG ACA CGC AAT GGC
TCC CCG CCA CCC C annealed to 5′ AGT CGG GGT GGC GGG GAG
CCA TTG CGT GTC AGA T. The mPgcy-35XRE competitor was 5′ GAT
CAT CTG ACA CGTAAT GGC TCC CCG CCA CCC C annealed to 5′ AGT
CGG GGT GGC GGG GAG CCATTA CGT GTC AGAT. The Pgcy-36XRE
probe was derived from the gcy-36 promoter: 5′ GAC TAC AGC ATT GCG
TGT CTATTA ATTATT CAA annealed to 5′ TGC ATT GAATAATTA ATA
GAC ACG CAATGC TGT. The mPgcy-36XRE competitor was 5′ GAC TAC
AGC ATT ACG TGT CTA TTA ATT ATT CAA annealed to 5′ TGC ATT
GAA TAA TTA ATA GAC ACG TAA TGC TGT.
Transgenic animals
To integrate constructs into the C. elegans genome, we employed
microparticle bombardment (Berezikov et al., 2004; Praitis et al., 2001). We
used a BioRad Biolistic PDS-1000/He systemwith 8 in. of Hg vacuum, 650 p.s.i.
rupture disks, and 0.6 μm gold particles. For each bombardment, 2 μg
pPDMM016 (unc-119 co-transformation marker) (Praitis et al., 2001) plasmid
DNA and 1 μg target plasmid DNAwere bombarded into unc-119(ed3) L4 and
young adult hermaphrodites.
To generate extrachromosomal arrays of transgenes, DNAwas microinjected
into young adult dpy-5(e61) hermaphrodite germlines, following standard
procedures (Epstein et al., 1995). The dpy-5 plasmid pCes-361 (a gift from Dr.
Ann Rose, University of British Columbia) was used as the coinjection marker.Results
To rigorously examine the role of ahr-1 in npr-1-mediated
aggregation behavior, we characterized the phenotypes of
multiple single and double mutant combinations. Previously,
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(n1353) animals (Qin and Powell-Coffman, 2004). The NPR-1
receptor is predicted to be a G protein-coupled receptor with 7
transmembrane domains. The npr-1 (n1353) allele is a missense
mutation in transmembrane domain 3 (de Bono and Bargmann,
1998). Phenotypic analyses have confirmed that the n1353
mutant allele is not null for npr-1 function (de Bono and
Bargmann, 1998; Wang and Wadsworth, 2002). We examined
two other mutations that have been shown to cause stronger
aggregation phenotypes [npr-1 (ky13) and npr-1 (ad609)]. The
ky13 mutation introduces a premature stop codon after the first
transmembrane domain. The ad609 allele includes twomissense
mutations that are predicted to cause a threonine to isoleucine
substitution in transmembrane domain 2 and a threonine to
alanine substitution in transmembrane domain 4 (de Bono and
Bargmann, 1998). As shown in Fig. 1A, the ahr-1 (ia03)
deletion allele suppressed aggregation phenotypes caused byFig. 1. AHR-1 functions in URX neurons to promote aggregation behavior. The re
characteristic behaviors were recorded: formation of aggregates containing 3 or more
or aha-1 are indicated by +. Some aggregation behavior can be restored to ahr-1mutan
which drives expression of ahr-1 in URXR, URXL, AUA, and PVM neurons (panels
all loss-of-function alleles.both of these strong loss-of-function npr-1 alleles. Seventy-nine
percent of npr-1 (ky13) single mutant animals and 71% of npr-1
(ad609) animals fed in groups, but double mutants carrying the
ahr-1 (ia03)mutation showed marked decreases in this behavior
(15% for ky13 and 11% for ad609).
We anticipated that a different loss-of-function allele of ahr-1
should also suppress npr-1 mediated aggregation behavior. To
test this, we analyzed feeding behaviors of ahr-1 (ju145)
mutants. The ahr-1 (ia03) deletion removes most of the PASA
domain and introduces a premature stop codon (Qin and
Powell-Coffman, 2004). The ahr-1 (ju145) mutation introduces
a premature stop codon in the PAS domain of AHR-1 (Huang
et al., 2004). Thus, molecular analyses suggest that both ia03
and ju145 abolish ahr-1 function. Characterization of SDQR
cell migration and AVM axon pathfinding defects in these two
mutant backgrounds further suggests that ju145 and ia03 are
both strong loss-of-function alleles (data not shown). Asquirements for ahr-1 and aha-1 in aggregation behavior were examined. Two
animals (A, C) and bordering (B, D). In panels A and B, wild type alleles of ahr-1
t animals by introduction of an ahr-1minigene (Pahr-1:ahr-1) or by flp-8:ahr-1,
C, D) ahr-1(ia03), ahr-1(ju145), aha-1(ia01), npr-1(ky13), and npr-1(ad609) are
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phenotypes in npr-1 (ky13) animals (Fig. 1A).
Mutations in npr-1 cause both “grouping” and “bordering”
behaviors on bacterial lawns. “Grouping”, the behavior
quantitated in Fig. 1A, is defined as the percentage of animals
feeding in groups of three or more. npr-1-deficient animals
have also been shown to feed preferentially at the border of the
bacterial lawn, where the oxygen concentration is lower (Gray
et al., 2004). Consistent with prior studies (de Bono and
Bargmann, 1998; de Bono et al., 2002), we found that 95% of
npr-1(ky13) or npr-1(ad609) animals exhibited “bordering”
behavior. Strong loss-of-function mutations in ahr-1 (ia03 or
ju145) significantly suppressed this behavior (to 65% and
66% respectively; Fig. 1B). Both grouping and bordering
behavior can be restored to ahr-1; npr-1 double mutants by the
introduction of the pHT108 ahr-1 minigene, in which ahr-1
genomic sequences are fused to cDNA sequences (Pahr-1:ahr-1;
Figs. 1C and D). Collectively, these studies provide strong
evidence that npr-1-mediated grouping and bordering behaviors
require ahr-1 function.
AHR-1 has been shown to form a heterodimeric DNA
binding complex with AHA-1, the C. elegans ortholog of
mammalian ARNT (Powell-Coffman et al., 1998), and our
working hypothesis was that AHR-1 functioned within this
complex to modulate feeding behavior. To test this hypothesis,
we analyzed aggregation behavior in aha-1 loss-of-function
mutations. Like its mammalian cognate, AHA-1 forms
complexes with multiple bHLH-PAS proteins, and AHA-1 is
expressed in most, if not all, cells (Jiang et al., 2001; Powell-
Coffman et al., 1998). aha-1 (ia01) is a strong loss-of-function
allele, and C. elegans that are homozygous for the ia01
mutation arrest development as young larvae. Interestingly,
mosaic animals that express aha-1 in non-neuronal pharyngeal
cells from the cky-1 promoter can develop to adults (Jiang, Wu,
Qin, and Powell-Coffman, unpublished observations). As
shown in Fig. 1A, aggregation behavior is diminished in npr-1
(ky13) or npr-1 (ad609) animals that are aha-1-deficient. These
data confirm that AHA-1, the transcriptional partner for AHR-1,
has an important role in aggregation behavior.
AHR-1 functions in the URX neurons to promote aggregation
Although the neural circuits that control aggregation beha-
viors have not been fully elucidated, some of the neurons that
regulate grouping and bordering behavior have been identified
(Coates and de Bono, 2002; de Bono et al., 2002). Only four of
these cells (URXR, URXL, AQR, and PQR) have been shown to
express ahr-1 (Qin and Powell-Coffman, 2004). Coates and de
Bono (2002) showed that inactivation of the URXR, URXL,
AQR, and PQR neurons via the expression of a constitutively
active form of the EGL-2 potassium channel greatly suppressed
npr-1-mediated aggregation. Thus, we considered the possibility
that the AHR-1 transcription complex might act cell autono-
mously in one or more of these four neurons to promote grouping
and bordering behaviors.
To determine whether expression of ahr-1 in the URX
neurons was sufficient to rescue social feeding behavior inahr-1; npr-1 double mutants, we created a chimeric gene, in
which the flp-8 promoter directed expression of ahr-1 coding
sequences. flp-8::GFP is expressed in URX neurons and only
two other cells: AUA, and PVM (Coates and de Bono, 2002;
Kim and Li, 2004). Importantly, expression of flp-8::GFP (and
therefore flp-8::ahr-1) is not dependent upon ahr-1 function
(data not shown). Only 5% of ahr-1 (ia03); npr-1 (ky13)
double mutants feed in groups of three or more. Introduction
of the flp-8::ahr-1 transgene increases aggregation behavior
over 5-fold (28% of the animals feed in groups) (Fig. 1C). By
comparison, introduction of the ahr-1 minigene increases
grouping almost 10-fold (to ∼50%). In control studies, npr-1
(ky13) animals carrying only the co-injection marker exhibit
64% grouping. Thus, ahr-1 appears to function in the URX
neurons to regulate social feeding, although these data do not
preclude possible roles in other neurons that may potentiate
this behavior.
Neuronal development versus neuronal function
We considered two nonexclusive models for the role of
AHR-1 in the URX neurons. First, AHR-1 might function
during a critical developmental period to regulate URX
development. This model postulates that ahr-1 (ia03) mutants
fail to aggregate because the URX neurons do not develop
properly. Alternatively, the AHR-1 transcriptional complex
might promote aggregation behavior acutely. In this model,
URX neurons in ahr-1 (ia03) animals do not have major
developmental or structural defects that impair function, but
failure to express AHR-1 target genes limits neuronal response
to aggregation cues.
To distinguish between these two models, we designed an
experiment to uncouple the possible developmental roles of
AHR-1 from later functional requirements. The URX neurons
are born during embryogenesis (White et al., 1986). npr-1-
deficient worms exhibit grouping behavior as early as the
second larval stage, and this indicates that URX and the
neuronal circuits that direct aggregation are functional at this
early larval stage (data not shown; Fig. 2). To allow temporal
control of ahr-1 expression, we fused the hsp-16.2 promoter
to ahr-1 coding sequences. Expression from the hsp-16.2
promoter is induced by high temperature, and expression is
specific to neurons (Stringham et al., 1992). In control
experiments, we determined that this transgene had little effect
on the aggregation behavior of ahr-1; npr-1 double mutants in
the absence of heat shock induction (Fig. 2). We allowed the
animals to progress to the last larval stage (L4) and then
exposed them to heat shock conditions (30°C for 30 min).
This caused a significant increase in aggregation behavior of
ahr-1(ia03); npr-1(ad609) and ahr-1(ia03); npr-1(ky13)
animals (from 6% to 38% and 6% to 31% respectively).
Heat shock induction of ahr-1 expression in late-stage (3-fold)
embryos, L1 larvae, or L2 larvae also restored aggregation
behavior to ahr-1; npr-1 double mutant worms (data not
shown). These data show that expression of AHR-1 after the
URX neurons are formed is sufficient to restore aggregation
behavior to npr-1-defective animals.
Fig. 2. Induction of ahr-1 expression from a heat shock promoter in the last
larval stage is sufficient to promote aggregation behavior in ahr-1, npr-1 double
mutant young adults. URX neurons are born during embryogenesis, and
aggregation behavior is evident in npr-1-deficient animals by the L2 larval
stage. Two npr-1 mutant alleles were assayed (ky13 and ad609). Grouping
behavior and bordering behavior were assayed for each experimental condition.
610 H. Qin et al. / Developmental Biology 298 (2006) 606–615ahr-1 regulates the expression of guanylate cyclase genes in
URX neurons
Soluble guanylate cyclases (sGCs) were good candidates for
AHR-1 target genes that regulate URX activity and social
feeding. sGCs produce 3′, 5′-cyclic guanosine monophosphate
(cGMP), which can modulate the function of other proteins. In
the URX neurons, cGMP is predicted to regulate the TAX-2/
TAX-4 cGMP-gated sensory channels, which promote social
feeding behavior (Coates and de Bono, 2002; Coburn and
Bargmann, 1996; Komatsu et al., 1996). Seven predicted sGCs
had been identified in the C. elegans genome (Morton et al.,
1999). We had previously shown that expression of gcy-32:GFP
was regulated by AHR-1 (Qin and Powell-Coffman, 2004). To
address the hypothesis that ahr-1 regulated the expression of
other sGC genes, we constructed GFP reporters in which the
upstream regulatory sequences for each sGC gene was fused
with the coding sequences of green fluorescent protein (GFP).
Initially, we generated transgenic animals carrying extrachro-
mosomal arrays of these reporters (Table 1). We later confirmedthe expression patterns in animals in which the reporters were
integrated into the genome (Table 2). Consistent with the
independent studies of Cheung et al. (2004) and Gray et al.
(2004), we found that the GFP reporters for 5 sGC genes,
gcy-32, gcy-34, gcy-35, gcy-36, and gcy-37, were consistently
expressed in the AQR, PQR, URXL and URXR neurons.
Expression of gcy-37:GFP was also observed in AVM and
two unidentified neurons located in the head. gcy-35:GFP was
expressed in fifteen neurons, all of which also express ahr-1:
AQR, PQR, URXR/L, ALNL/R, BDUL/R, SDQL/R, PLML/R,
AVM and two neurons in the tail tentatively identified as
PLNL/R. (gcy-35:GFP was only transiently expressed in
PLML/R during the first larval stage.) To determine whether
ahr-1 function was required for the expression of these
sGCs, we compared expression levels of the GFP reporters in
wild-type and ahr-1 (ia03) animals. As shown in Tables 1 and
2, animals carrying the ahr-1 (ia03) mutation expressed the
gcy-32, gcy-34, and gcy-35 reporters at dramatically reduced
levels. Loss of ahr-1 function had lesser effects on expression
of the gcy-36 and gcy-37 reporters.
These data suggested that certain sGC genes were activated,
directly or indirectly, by the AHR-1 transcriptional complex. To
confirm that AHA-1 (the transcription factor dimerization
partner for AHR-1) also promoted expression of the sGC genes,
we assayed the expression of the sGC reporters in animals that
were defective for aha-1 function. The data shown in Table 2
confirmed that aha-1 function was required for the expression
of gcy-32:GFP, gcy-34:GFP and gcy-35:GFP reporters in
URX neurons, and had lesser roles in the regulation of gcy-36:
GFP and gcy-37:GFP expression.
Expression of ahr-1-dependent reporters in URX does not
require daf-21/HSP90
The HSP90 heat shock protein associates with mamma-
lian AHR proteins, and HSP90 is thought to have an
important role in AHR folding and function (Petrulis and
Perdew, 2002; Pongratz et al., 1992). C. elegans AHR-1 has
been shown to interact with rabbit HSP90 in vitro (Powell-
Coffman et al., 1998). daf-21 is the sole C. elegans ortholog
of HSP90, and it has essential functions during larval
development (Birnby et al., 2000). Interestingly, strong
loss-of-function mutations in daf-21 do not alter differ-
entiation of the RMEL/R neurons, although these cell
fate decisions are dependent upon ahr-1 function. These
data indicate that C. elegans AHR-1 is still able to fold,
translocate to the nucleus, and form an active transcription
complex in RME neurons in the absence of HSP90 chaperones
(Huang et al., 2004). To further test the hypothesis that AHR-1
function in C. elegans does not require daf-21/HSP90, we
analyzed the expression level of gcy-32:GFP, gcy-34:GFP and
gcy-37:GFP in daf-21 (nr2081) and daf-21 (p673) mutants.
As shown in Table 2, the daf-21 mutations had no detectable
effect on the expression of these three reporters. Thus, AHR-1
can function to up-regulate the expression of these sGC
reporters in the URX neurons in the absence of daf-21/HSP90
function.
Table 1
AHR-1 positively regulates expression of soluble guanylate cyclase genes in the URX neurons: analysis of transgenic animals carrying GFP reporters in
extrachromosomal arrays
Extrachromosomal
array transgenes
Genetic
background
GFP expression in URX cells
% Very strong % Strong % Dim % Very dim % N.D. n
*Pgcy-32:GFP Wild Type 19 73 0 2 6 126
ahr-1 (ia03) 0 0 0 34 66 111
Pgcy-34:GFP Wild Type 100 0 0 0 0 132
ahr-1 (ia03) 0 43 31 18 8 123
Pgcy-35:GFP Wild Type 99 0 0 0 1 126
ahr-1 (ia03) 0 12 47 39 2 132
Pgcy-36:GFP Wild Type 95 2 0 1 2 131
ahr-1 (ia03) 53 40 4 2 1 126
Pgcy-37:GFP Wild Type 100 0 0 0 0 121
ahr-1 (ia03) 61 36 2 2 0 125
*(Qin and Powell-Coffman, 2004). n=number scored.
GFP expression: Very Strong=Cell body and axon fluoresced brightly; Strong=GFP fluorescence is easily detectable in both cell body and axon; Dim=GFP
fluorescence is detectable in the cell body, but the expression in the axon is faint or not detectable; Very Dim=GFP fluorescence is faint in the cell body, and the
expression in the axon is not detectable; N.D.=not detectable.
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During the course of these studies, the Bargmann and de
Bono groups discovered that gcy-35 and gcy-36 are key
regulators of hyperoxia avoidance and “social feeding” (Cheung
et al., 2004; Gray et al., 2004). Remarkably, GCY-35 wasTable 2
Regulation of soluble guanylate cyclase gene expression in the URX neurons, as as
Integrated
transgenes
Genetic
background
GFP expression in URX cells
% Very strong % Str
Pgcy-32:GFP Wild Type 0 99
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 0
daf-21(p673) 0 100
daf-21(nr2081) 0 100
Pgcy-34:GFP Wild Type 0 100
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 0
daf-21(p673) 0 100
daf-21(nr2081) 0 100
Pgcy-35:GFP Wild Type 0 100
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 0
mPgcy-35:GFP Wild Type 100 0
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 1
Pgcy-36:GFP Wild Type 0 100
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 0
mPgcy-36:GFP Wild Type 0 95
ahr-1 (ia03) 0 0
aha-1 (ia01) a 0 0
Pgcy-37:GFP Wild Type 100 0
ahr-1 (ia03) 0 96
aha-1 (ia01) a 40 60
daf-21(nr2081) 100 0
The mPgcy-35:GFP and mPgcy-36:GFP constructs have a point mutation in the put
a These animals are mosaic for aha-1 expression. They are homozygous for the ah
AHA-1 in nonneuronal cells of the pharynx.shown to bind oxygen, and GCY-35 likely functions in a
heterodimeric complex with GCY-36. Current models suggest
that the GCY-35:GCY-36 complex produces cGMP in an
oxygen-dependent manner. This would activate the TAX-2/
TAX-4 channels, which mediate hyperoxia avoidance and
aggregation behavior (Cheung et al., 2004, 2005; Gray et al.,
2004).sayed by GFP reporters integrated into the genome
ong % Dim % Very dim % N.D. n
1 0 0 107
0 2 98 103
0 58 42 111
0 0 0 62
0 0 0 72
0 0 0 119
0 100 0 126
15 85 0 104
0 0 0 105
0 0 0 61
0 0 0 102
2 98 0 108
1 93 6 107
0 0 0 112
100 0 0 106
99 0 0 115
0 0 0 109
100 0 0 106
100 0 0 105
5 0 0 113
93 7 0 118
90 10 0 113
0 0 0 113
4 0 0 123
0 0 0 114
0 0 0 60
ative AHR-1 halfsite.
a-1(ia01) mutation, but carry a cky-1:aha-1 transgene that directs expression of
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express gcy-35 and gcy-36 at normal levels might be sufficient
to inhibit npr-1-mediated aggregation, but it was also possible
that AHR-1 had other important roles in the regulation of
aggregation behavior. To distinguish between these models, we
employed two experimental approaches. First, we tested the
hypothesis that the AHR-1:AHA-1 complex bound directly to
DNA binding sites in the gcy-35 and gcy-36 upstream
regulatory regions. Second, we tested the hypothesis that
expression of gcy-35 and gcy-36 from heterologous, AHR-1-
independent promoters would be sufficient to restore aggrega-
tion behavior to ahr-1; npr-1 double mutants.
We identified potential XRE's (xenobiotic regulatory
elements; AHR-1:AHA-1 binding sites) in the putative 5′
regulatory sequences for all five sGC genes that are expressed in
URX (Fig. 3). To determine whether AHR-1 and AHA-1 could
interact to bind putative XREs 5′ to the gcy-35 and gcy-36
translational start sites, we employed electrophoretic mobility
shift assays. We expressed AHR-1 and AHA-1 in rabbit
reticulocyte lysates (Powell-Coffman et al., 1998). As expected,
oligonucleotide probes containing the XRE sequences did form
slower mobility complexes when co-incubated with lysates that
contained both AHR-1 and AHA-1 (data not shown). The
complexes could be supershifted by co-incubation of a
monoclonal antibody specific to AHA-1 (Jiang et al., 2001).
Unlabeled oligonucleotides containing a point mutation in the
core AHR-1 halfsite (G→A; Fig. 3) did not compete effectively
for binding to this complex (data not shown).
To determine whether the putative XREs were important for
AHR-1-mediated expression of transgenes in vivo, we intro-
duced mutations into the putative XREs of the gcy-35:GFP and
gcy-36:GFP reporters (Fig. 3). These constructs were integrated
into the genome using microparticle bombardment. Interest-
ingly, expression from the mutated reporters was still regulated
by ahr-1, even though we had mutated the putative XREs. As
shown in Table 2, expression of mPgcy-35:GFP (in which the
putative XRE was mutated) dropped markedly when the ahr-1
(ia03) mutation was crossed into the strain. High levels ofFig. 3. Potential DNA binding sites for the AHR-1:AHA-1 complex in the 5′
regulatory regions of soluble guanylate cyclase genes. The DNA recognition
sites for mammalian AhR and ARNTare shown. C. elegansAHR-1 and AHA-1
also interact to bind this consensus sequence (termed XRE). Putative XREs were
identified in all five sGC genes, and the positions of these sequences relative to
the start codons are shown. Underlined bases identify the point mutations that
were introduced to the gcy-35 and gcy-36 reporters.mPgcy-36:GFP expression also required ahr-1 and aha-1
function. Thus, mutation of the putative XREs did not abrogate
regulation by the AHR-1:AHA-1 transcription factor. This
indicates that the AHR-1:AHA-1 complex is able to regulate
gcy-35 and gcy-36 expression via other promoter sequences.
It is possible that there is another cryptic AHR-1:AHA-1
binding site in the gcy-35 and gcy-36 promoters. It is perhaps
more likely that the AHR-1 complex acts indirectly to promote
gcy-35 and gcy-36 expression.
Are other AHR-1 target genes required to promote social
feeding behavior? To address this, we tested the hypothesis that
expression of gcy-35 and gcy-36 in the URX neurons was
sufficient to restore the aggregation behavior to ahr-1, npr-1
double mutant worms. To enable expression of gcy-35 and
gcy-36 independent of ahr-1 function, we employed the flp-8
promoter. Expression of ahr-1 from the flp-8 promoter is
sufficient to cause a ∼5-fold increase in the number of ahr-1,
npr-1 double mutants that feed in groups (Fig. 1). To monitor
gcy-35 and gcy-36 expression in these experiments, we
incorporated synthetic operons in which the gcy genes were
co-expressed with GFP (Cheung et al., 2004). In otherwise
wild-type animals, the flp-8 promoter directed GFP expression
in the predicted pattern (URX, AUA and PVM neurons). As
described above, the ahr-1 (ia03) mutation suppressed npr-1-
mediated social feeding, and aggregation behavior could be
largely restored by expression of ahr-1 from the flp-8 promoter
(Fig. 1). However, the flp-8:gcy-35 and flp-8:gcy-36 trans-
genes, individually or in combination, were not able to increase
grouping or bordering in ahr-1, npr-1 double mutants (data not
shown). These findings suggest that AHR-1 regulates at least
one other gene that has an essential role in aggregation
behavior, in addition to gcy-35 and gcy-36.
Discussion
Here, we have described an essential role for the AHR-1
transcriptional complex in aggregation behavior. The key
findings of this study are: (1) expression of ahr-1 in only 4
neurons, including URXR and URXL, is sufficient to restore
aggregation behavior to ahr-1mutant animals; (2) social feeding
behavior can be rescued in ahr-1; npr-1 double mutants by
induction of ahr-1 expression from a heat-shock promoter after
the URX neurons have formed; (3) ahr-1 and aha-1 promote the
expression of sGC genes that have been shown to regulate
hyperoxia avoidance or aggregation behavior; (4) expression of
gcy-35 and gcy-36 is not sufficient to rescue the ahr-1 mutant
phenotype, and this indicates that the AHR-1:AHA-1 transcrip-
tional complex is required for the appropriate expression of
other, unidentified genes that enable social feeding behavior.
These findings support the model shown in Fig. 4, which
builds upon current models in the field that describe the roles of
NPR-1, TAX-2, TAX-4, and GCY-35 in hyperoxia avoidance
and aggregation behavior. Briefly, aggregation requires URX
depolarization (Coates and de Bono, 2002). NPR-1 activity is
regulated by neuropeptide ligands, and activation of NPR-1
inhibits depolarization (Rogers et al., 2003). Thus, in npr-1
mutants, URX neurons are more active, as evidenced by
Fig. 4. Model for AHR-1 function in the URX neurons. Previous studies have shown that the URX neurons play a central role in hyperoxia avoidance and
aggregation behavior. NPR-1 activity inhibits URX depolarization and aggregation behavior. The TAX-2 / TAX-4 cGMP gated ion channels promote URX
depolarization. GCY-35/GCY-36 guanylate cyclase complex responds to ambient oxygen and produces cGMP, thus promoting URX depolarization. In this study, we
present evidence that the AHR-1:AHA-1 transcription complex functions in these neurons and induces the expression of multiple sGC genes, including gcy-35 and
gcy-36. Since mutation of the putative XRE in gcy-35 and gcy-36 does not abrogate regulation by AHR-1 and AHA-1, we suggest that AHR-1 may act through other
unidentified factors to control gcy-35 and gcy-36 expression. Our data indicate that the AHR-1 complex also regulates the expression of other, unidentified genes that
modulate aggregation.
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Gray et al. (2004) demonstrated that GCY-35 binds oxygen,
and the GCY-35/GCY-36 complex is thought to act as an
oxygen sensor that mediates hyperoxia avoidance and promotes
aggregation behavior (Cheung et al., 2004). The TAX-2/TAX-4
cGMP gated ion channel promotes URX depolarization (Coates
and de Bono, 2002). The AHR-1:AHA-1 transcriptional
complex regulates the expression of key components in this
network, including soluble guanylate cyclases and npr-1 (Qin
and Powell-Coffman, 2004).
To understand the role of AHR-1 in aggregation behavior, it
was of central importance to determine whether AHR-1
functioned autonomously in URX cells. However, we could
not employ the gcy-32 promoter, since gcy-32 is regulated by
ahr-1 function (Qin and Powell-Coffman, 2004). Instead, we
constructed a chimeric gene, flp-8::ahr-1, that directed ahr-1
expression in only four neurons: URXR, URXL, AUA, and
PVM. Expression of ahr-1 from the flp-8 promoter increased
grouping in ahr-1; npr-1 double mutants by over 5-fold (Fig.
1C). ahr-1 reporter constructs are not detectably expressed in
the AUA neuron (Qin and Powell-Coffman, 2004), and the
PVM neuron is not known to have a role in aggregation
behavior (Coates and de Bono, 2002; de Bono et al., 2002).
Thus, we strongly favor a model in which AHR-1 is principally
required in the URX neurons to modulate aggregation behavior.
Mutants defective in ahr-1 or aha-1 express key regulators
of hyperoxia avoidance and social feeding behavior at
decreased levels. Analyses of GFP reporters indicate that
ahr-1 and aha-1 promote the expression of gcy-32, gcy-34,
gcy-35, gcy-36, gcy-37 (Table 2) and npr-1 (Qin and Powell-
Coffman, 2004). We found possible DNA binding sites forAHR-1:AHA-1 in the regulatory sequences for each sGC
examined, and this suggested that the sGC genes might be
direct targets of the AHR-1 complex. However, mutation of
the putative XREs in gcy-35 and gcy-36 did not abolish
regulation of the reporters by AHR-1. This result suggests
that AHR-1 might act indirectly to induce expression of
gcy-35 and gcy-36 (as shown in Fig. 4). However, these
results do not preclude a role for the putative XREs in sGC
expression, nor do they rule out possible cryptic AHR-1:
AHA-1 binding sites that might mediate direct regulation of
the sGCs by the AHR-1 complex. Prior studies have
demonstrated that C. elegans AHR-1 and AHA-1 can interact
to bind a consensus mammalian XRE in vitro (Powell-
Coffman et al., 1998), but the full spectrum of DNA binding
sites for the C. elegans AHR-1 complex has not been
experimentally determined.
Expression of gcy-35 and gcy-36 was not sufficient to
restore social feeding behavior to ahr-1 mutants. This result
indicates that additional genes regulated by AHR-1 have
central roles in hyperoxia avoidance or social feeding. During
the course of this work, other studies have been published that
have provided some insights to this. Other sGCs regulated by
the AHR-1 complex have been shown to modulate aggregation
behavior and response to oxygen cues. Single mutations in
gcy-32, gcy-34 or gcy-37 do not cause behavioral changes
(Cheung et al., 2004). However, a gcy-32; gcy-34 double
mutant does exhibit aggregation defects (Cheung et al., 2005).
The interplay between oxygen sensing and aggregation
behavior is still being elucidated. C. elegans that have been
cultured in standard laboratory conditions prefer 5–12%
oxygen (Gray et al., 2004). However, if C. elegans are
614 H. Qin et al. / Developmental Biology 298 (2006) 606–615provided with bacterial food at 1% oxygen, then the animals
prefer lower oxygen concentrations (Cheung et al., 2005). In
the wild, C. elegans live in the soil, and a preference for low
oxygen levels may guide them to microenvironments with
abundant bacterial or fungal food. The other genes that are
regulated by the AHR-1 transcriptional complex may also
have roles in sensing oxygen and nutritional cues or in
behavioral responses to these environmental stimuli.
The C. elegans AHR-1 transcription complex has important
roles in the regulation of URX activity. In the absence of ahr-1
or aha-1 function, key sGC genes are not expressed in URX.
This does not appear to be an irreparable developmental defect.
Rather, it appears that AHR-1 target genes regulate the response
of URX to environmental stimuli. This is an intriguing result, as
it suggests that molecules or signals that modulate AHR-1
activity may function acutely to influence behavior. Further
genetic studies will clarify the roles of the C. elegans aryl
hydrocarbon receptor complex in this, and perhaps other,
behaviors.
Evolutionary comparisons
Studies of human populations that were exposed to high
levels of 2,3,7,8 tetrochlorodibenzo-p-dioxin during the Viet-
namWar or after industrial accidents have revealed a correlation
between high levels of serum dioxin and memory deficits
(Barrett et al., 2001; Pelclova et al., 2001), but the role of AhR
in cognitive function has been enigmatic. Dioxin exposure
causes a wide range of defects in the developing vertebrate
nervous system (Birnbaum and Tuomisto, 2000; Dong et al.,
2001; Hays et al., 2002). Given the complexity of the
mammalian nervous system, it will be very challenging to
elucidate the molecular mechanisms by which AhR influences
neural function.
C. elegans AHR-1 and human AhR were clearly derived
from a common ancestral protein, but that protein may not have
bound ligand. Like other invertebrate AhR homologs that have
been tested, C. elegans AHR-1 does not bind 2,3,7,8
tetrachlorodibenzo-p-dioxin or β-naphthoflavone, although
both of these compounds bind and activate mammalian AhR
(Butler et al., 2001; Powell-Coffman et al., 1998). C. elegans
AHR-1 can also function in the absence of daf-21/HSP90
(Table 2; Huang et al., 2004). In contrast, HSP90 and other
chaperonins are required for proper folding and function of
mammalian AhR (Petrulis and Perdew, 2002).
What were the selective pressures for maintaining aryl
hydrocarbon receptor genes in multiple phyla over several
hundred million years of evolution? The AhR orthologs in C.
elegans and in Drosophila have roles in the development of
neurons and sensory organs (Duncan et al., 1998; Huang et al.,
2004; Qin and Powell-Coffman, 2004; Wernet et al., 2006).
There may have been an ancestral function for the aryl
hydrocarbon receptor in cells that sense and respond to
environmental or developmental cues. The findings presented
herein support models in which molecules or signals that
modulate aryl hydrocarbon receptor function can influence
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